Introduction
============

Hepatocellular carcinoma (HCC), one of the most common malignant neoplasms in the digestive system and the fifth major cause of cancer-related mortality throughout the world, is characterized by a high prevalence of drug resistance and lack of curative treatment.[@b1-ott-9-1623],[@b2-ott-9-1623] To improve the efficacy of systemic chemotherapies, studies focused on the molecular mechanisms implicated in human hepatocarcinogenesis have been encouraged. Over the past few decades, several mechanisms have been revealed, and the best known is dysfunctional apoptotic machinery.[@b3-ott-9-1623] Therefore, a better understanding of the mechanism underlying apoptosis resistance is essential.

A number of cellular stress factors, including hypoxia, starvation, glycosylation state changes, among others, disturb the normal endoplasmic reticulum (ER) function and increase the accumulation of misfolded and/or unfolded proteins in the ER lumen, leading to ER stress.[@b4-ott-9-1623] To maintain ER homeostasis, unfolded protein response is evoked via the activation of survival or proliferative pathways. However, when ER stress is of high intensity or prolonged, apoptosis is initiated.[@b5-ott-9-1623] A growing number of studies, including ours, have demonstrated that ER stress is elevated in a variety of solid tumors, such as HCC, mammary carcinoma, cervical cancer, prostate cancer, bladder cancer, and colorectal cancer.[@b6-ott-9-1623]--[@b9-ott-9-1623] According to our previous reports, hepatoma cells under ER stress could counteract apoptosis induced by chemotherapy agents. In other words, ER stress represents an adaptive mechanism that supports hepatoma cell survival and chemoresistance. However, the mechanism of ER stress-mediated apoptosis resistance remains unknown.

microRNAs (miRNAs) are a group of 17--25 nucleotide (nt) small noncoding RNAs that regulate the translational inhibition or degradation of target messenger RNAs (mRNAs) by binding to the 3′ untranslated region (3′UTR) of their target genes.[@b10-ott-9-1623] miRNAs are known to play a crucial role in regulating cellular function, such as cell proliferation, development, differentiation, and apoptosis.[@b11-ott-9-1623]--[@b14-ott-9-1623] In recent decades, accumulating evidence has shown that miRNAs appear to be a major regulator of HCC. There are nearly 20 miRNAs that have been reported to regulate HCC tumor progression and metastasis by regulating key genes.[@b15-ott-9-1623] However, there is no straightforward evidence to suggest whether mi RNAs participate in HCC cells apoptosis under ER stress.

In the current work, we have demonstrated that ER stress could significantly increase miR-663 expression using miRNA-chromatin immunoprecipitation (CHIP) microarray analysis and quantitative real-time polymerase chain reaction (qRT-PCR). The association of miR-663 levels with proliferation and apoptosis in HCC cells were also analyzed. Furthermore, the expression level of targeting transforming growth factor beta 1 (TGFB1) changed, followed by down-regulation or upregulation of miR-663, and knockdown of TGFB1-inhibited HepG2 cells apoptosis. Mechanistically, our results indicated that ER stress could reduce HCC cell apoptosis by modulating the miR-663/TGFB1 axis.

Materials and methods
=====================

Cell culture
------------

The study was approved by the institutional review board (IRB) of Anhui Medical University, Anhui, People's Republic of China. All participants provided written informed consent. All experiments were performed within the approved guidelines. The human HCC cell lines HepG2, Bel7402, and SMMC7721 (the Cell Bank of the Chinese Academy of Sciences, Shanghai, People's Republic of China) were maintained in high glucose Dulbecco's Modified Eagle's Medium media (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. All of the cells were cultured in a humidified atmosphere of 5% CO~2~ in air at 37°C.

Cell proliferation inhibition analysis
--------------------------------------

HepG2 cells were seeded into 96-well plates at a density of 5 to 6×10^3^ per well in a fixed volume of 100 μL of medium and were incubated for 24 hours under 5% CO~2~ at 37°C to allow adherence. The cells were then exposed to tunicamycin (TM; Streptomyces sp, Sigma-Aldrich, St Louis, MO, USA) for 24 hours, which was dissolved in dimethyl sulfoxide to a final concentration of 3 μM in the culture medium. Then, a portion of cells were transfected. After 48 hours of incubation, 10 μL of cell counting kits-8 (CCK-8) solution (Transgen Biotech, Beijing, People's Republic of China) was added to each well. After 2 hours of additional incubation, the absor-bance at 450 nm was measured using an enzyme-labeled (EL) ×800 (Bio-Tek, Winosski, VT, USA). The cellular proliferation inhibition rate was calculated according to the formula: cellular proliferation inhibition rate = (1 − \[average optical density (OD) value of the experimental group − average OD 450 nm background\]/\[average OD value of the control group − average OD 450 nm background\]) ×100%. All experiments were repeated at least three times, and each treatment was performed in three parallel dishes.

Cell apoptosis analysis
-----------------------

To detect apoptotic cells via flow cytometry (Cytomics FC 500; Beckman Coulter, Fullerton, CA, USA), an Annexin V-FITC/PI (fluorescein isothiocyanate/propidium iodide) double-staining apoptosis detection kit (BestBio, Shanghai, People's Republic of China) was used, according to the manufacturer's protocols. HepG2 cells were plated in six-well plates; when the cell confluence degree reached 75% to 80%, the floating dead cells were removed by gentle washing and then replaced with new medium containing 3 μM TM. Subsequently, cells were transfected with miRNAs or small interfering RNAs (siRNAs). Following a 48 hour period, cells were collected and centrifuged at 300× *g* for 10 minutes. After washing twice with PBS and centrifuging in the same condition, cells were stained with 10 μL of Annexin V-FITC for 15 minutes and 5 μL of PI for 5 minutes at 4°C in the dark. Cells were then analyzed using FITC signal detector and PI detector with flow cytometry and FlowJo version 7.6 software (Stanford University, Stanford, CA, USA). A minimum of 2×10^4^ cells were analyzed for each sample. All experiments were repeated at least three times.

RNA extraction and qRT-PCR
--------------------------

Human HCC cell lines, HepG2, Bel7402, and SMMC7721, were plated in six-well plates and classified into control and TM groups (3 μM). After culturing for 24 hours, total RNA was extracted by using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. qRT-PCR was performed to confirm the expression levels of miRNAs and mRNAs. For miR-663 detection, qRT-PCR was performed as a one-step reaction using an EzOmics™ miRNA qPCR Detection Kit (Biomic, Nantong, People's Republic of China); 60 minutes at 40°C and 10 minutes at 95°C, followed by 40 cycles of 95°C for 20 seconds, 62°C for 30 seconds, and 72°C for 30 seconds. For mRNA detection, qRT-PCR was performed using a two-step reaction using TransStart^®^ All-in-One First-Strand cDNA Synthesis SuperMix and TransStart^®^ Top Green qPCR SuperMix Kit (Transgen, Beijing, People's Republic of China);15 minutes at 42°C and 5 seconds at 85°C, followed by 40 cycles of 95°C for 2 minutes, 95°C for 15 seconds, 60°C for 1 minute, 60°C for 30 seconds, 0.2°C for 1 second, and 20°C for 10 seconds. All data were normalized to the highly conserved and universally expressed small nuclear RNA U6 and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) for miRNA and mRNA analyses, respectively. All of the primer sequences are shown in [Table 1](#t1-ott-9-1623){ref-type="table"}. All data were analyzed with the cycle threshold (Ct) value and compared following the 2^−∆∆CT^ formula.

Transfection
------------

HepG2 cells were plated in 96-well plates or six-well plates at a density of 5 to 6×10^3^ or 2×10^5^ cells per well, respectively. When cells grew to 40%--60% confluence, they were transfected with 10 nM miR-663 mimics, inhibitors or their corresponding negative control (Ambion, Life Technologies, Grand Island, NY, USA) using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. Similarly, RNA interference was performed the same way, using siRNA TGFB1 (GenePharma, Shanghai, People's Republic of China) for transfection.

Western blot analysis
---------------------

Western blot assays were conducted as reported previously.[@b16-ott-9-1623] The total protein content was measured by using Coomassie brilliant blue staining. Each sample protein was loaded onto10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The glucose regulated protein 78 (GRP78) antibody (Bioworld, St Louis Park, MN, USA) and β-actin antibody (Zhongshan Biotechnology, Beijing, People's Republic of China) were used as primary antibodies for Western blot analysis, according to the manufacturer's instructions. Membranes were blocked in 5% skimmed milk for 2 hours at room temperature and then washed and incubated with primary antibodies overnight at 4°C. After washing in phosphate buffered saline tween-20 (PBST) and incubating with the secondary antibodies for 2 hours at 37°C, the immunoreactive bands were visualized with an enhanced chemiluminescence (ECL) kit (Thermo Fisher, Waltham, MA, USA), and the signals were revealed by Image Quant™ LAS-4000 Mini Imager (GE Healthcare Life Sciences, Fuji, Japan). For quantitative analysis, the integrated density of each band was obtained using ImageJ software (National Institutes of Health, Benthesda, Maryland, USA), and the respective intensities were corrected by normalization to β-actin.

Enzyme-linked immunosorbent assay
---------------------------------

The cell culture supernatant was harvested at the indicated time-points. The concentrations of TGFB1 in medium were measured by a TGFB1 enzyme-linked immunosorbent assay (ELISA) kit (Dakewe Bioengineering Corporation, Shenzhen, People's Republic of China). According to the ELISA kit manual, before the assay, all samples must be activated by the addition of 1 N HCl (20 μL mixed in 100 μL of sample) for 15 minutes, followed by the addition of 20 μL of 1.2 N NaOH, and subsequent blending with 60 μL of dilution buffer R (1×). The absorbance at 450 nm was measured using an enzyme-labeled EL ×800. All samples were assayed in triplicate.

Statistical analysis
--------------------

Except when otherwise stated, all experiments were performed in triplicate. Statistical analysis was performed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Data are presented as the mean ± standard deviation in each group. Two group comparisons of parametric data were analyzed using the Student's *t*-test, and multiple group comparisons of parametric data were analyzed using one-way analysis of variance. For all analyses, a value of *P*\<0.05 was considered statistically significant.

Results
=======

Effect of TM treatment on GRP78 expression in HepG2 cells
---------------------------------------------------------

To determine the effect of the ER stress inducer TM, a concentration of 3 μM was used to induce optimum ER stress in all subsequent experiments based on results from our previous study.[@b6-ott-9-1623] HepG2 cells were incubated with 3 μM of TM for 0, 6, 12, 24, 36, and 48 hours. Western blot analysis was used to detect GRP78 expression, a molecular marker of ER stress. The gray value of each band was analyzed, and the ratio of GRP78/β-actin was calculated, as shown in [Figure 1](#f1-ott-9-1623){ref-type="fig"}. Consequently, we found that expression of GRP78 is highest in HepG2 cells after exposure to TM for 24 hours, which suggests that TM effectively induced ER stress in this condition.

miR-663 has a high expression level under ER stress in HCC
----------------------------------------------------------

To establish a relationship between ER stress and miRNA gene expression, miRNA expression profiling was conducted with miRNA-CHIP microarray analysis using RNA isolated from HepG2 cells incubated with or without TM. Seventy differentially expressed miRNAs were detected in TM-treated cells compared with untreated HepG2 cells ([Figure 2A](#f2-ott-9-1623){ref-type="fig"}). To our surprise, miR-663 was the most obviously upregulated after TM treated, especially at 24 hours. Then we conducted a bioinformatic analysis, suggesting that miR-663 may participate in some biological activities related to cell apoptosis. Therefore, we hypothesized that miR-663 might have a role in regulating the ER stress-induced apoptosis of HepG2 cells.

To validate this unexpected finding, we then performed miR-663 specific qRT-PCR on different HCC cell lines. As shown in [Figure 2B](#f2-ott-9-1623){ref-type="fig"}, consistent with the miRNA-CHIP result, the relative miR-663 expression level was 1.93±0.16-fold upregulated in HepG2 cells after exposure to 3 μM TM for 24 hours, a condition that effectively induces ER stress, compared with the untreated group. Furthermore, the expression level of miR-663 after exposure to 3 μM TM was also investigated by qRT-PCR in Bel-7402 cells ([Figure 2C](#f2-ott-9-1623){ref-type="fig"}) and SMMC-7721 cells ([Figure 2D](#f2-ott-9-1623){ref-type="fig"}), and the expression level of miR-633 was increased in these cells by 1.88±0.24 and 2.15±0.21 times compared with the untreated group, respectively. These results indicated that upregulation of miR-663 expression may be a universal phenomenon in HCC cells under ER stress.

miR-663 mimics and inhibitors effectively increase and decrease the expression of miR-663
-----------------------------------------------------------------------------------------

qRT-PCR was used to verify whether the intracellular miR-663 expression level was regulated after transfection with miR-663 mimics or inhibitors for 24 hours and whether a significant increase or decrease of miR-663 expression was observed. The expression of miR-663 in cells treated with miR-633 mimics showed a 1,128.7±74.16-fold change over the mimics negative control group (NC), while expression of miR-663 in cells treated with miR-633 inhibitors showed only a 0.27±0.13-fold change compared with the inhibitor negative control group (INC) ([Figure 3](#f3-ott-9-1623){ref-type="fig"}). As expected, these results validated that we can effectively upregulate and down-regulate the expression level of miR-663 via transfection of HepG2 cells with either mimics or inhibitors of miR-663.

Inhibition of miR-663 suppresses cell proliferation in HCC
----------------------------------------------------------

The role of ER stress in protecting tumor cells prompted us to examine the potential role of miR-663 in HepG2 cell proliferation. As measured by the CCK-8 assay, we tested the effect of altering the miR-663 level on HepG2 cell proliferation. As shown in [Figure 4](#f4-ott-9-1623){ref-type="fig"}, inhibition of miR-663 using miR-663 inhibitors combined with TM led to a remarkable decline in cell proliferation compared with the TM only treated cells. On the contrary, the rate of cell proliferation in cells treated with TM combined with miR-663 mimics was significantly higher than cells treated with TM alone. These results indicated that inhibition of miR-663 suppresses cell proliferation and that miR-663 might promote the proliferation of HepG2 cells under ER stress.

Inhibition of miR-663 enhances cell apoptosis in HCC
----------------------------------------------------

To further confirm the effect of miR-663 in ER stress-induced apoptosis resistance, the Annexin V-FITC/PI apoptosis assay was conducted to investigate whether inhibition of miR-663 could increase HepG2 cells apoptosis. Cells were treated with pharmacological drugs in the same format as the CCK-8 assay. As shown in [Figure 5](#f5-ott-9-1623){ref-type="fig"}, inhibition of miR-663 combined with TM treatment significantly enhanced cell apoptosis compared with untransfected cells. Collectively, our results implied that down-regulation of miR-663 not only inhibits cell proliferation but also promotes cell apoptosis of HepG2 cells under ER stress.

TGFB1 is a potential target gene of miR-663
-------------------------------------------

To gain insight into the mechanisms of miR-663 in regulating apoptosis in HCC cells, we conducted a target prediction programs analysis, such as TargetScan and miRanda, to predict the putative miR-663 targets. Among the predicted targets, we found TGFB1 as a predicted target with known roles both in HCC proliferation and apoptosis, which made it a good candidate for contributing to apoptosis in HCC.[@b17-ott-9-1623]--[@b19-ott-9-1623] In this study, we found that TGFB1 expression was decreased following TM incubation ([Figure 6](#f6-ott-9-1623){ref-type="fig"}), while miR-663 was increased during the same treatment ([Figure 2](#f2-ott-9-1623){ref-type="fig"}), indicating a reverse correlation between miR-663 and TGFB1. Earlier studies also demonstrated that miR-663 downregulated TGFB1 expression in endothelial cells, papillary thyroid carcinoma cells as well as A549, SW460, and Hela cell lines.[@b20-ott-9-1623]--[@b24-ott-9-1623] To confirm that miR-663 also regulates TGFB1 expression in HCC cells, we compared the mRNA and protein levels of TGFB1 in HepG2 cells following miR-663 overexpression and silencing by qRT-PCR and ELISA.

We found that overexpression of miR-663 resulted in downregulation of TGFB1 at the mRNA level by qRT-PCR ([Figure 6](#f6-ott-9-1623){ref-type="fig"}). Conversely, decreasing miR-633 expression by siRNA led to the upregulation of the TGFB1 mRNA levels in HepG2 cells. We also confirmed this phenomenon at the protein level by ELISA, as shown in [Figure 6](#f6-ott-9-1623){ref-type="fig"}. Transfection of the miR-663 inhibitors resulted in a significant increase in TGFB1 protein expression (*P*\<0.01 versus control group \[Ctrl\] and INC), while transfection of miR-663 mimics significantly reduced TGFB1 protein levels (*P*\<0.01 versus Ctrl and NC). Moreover, TGFB1 was markedly decreased at both the mRNA and protein level after treating HepG2 cells with TM ([Figure 6](#f6-ott-9-1623){ref-type="fig"}). These results demonstrated that miR-663 inhibited TGFB1 expression in a posttranscriptional manner.

Interference of TGFB1 reduces apoptosis in HCC
----------------------------------------------

To further explore whether ER stress-induced apoptosis resistance was attributed to miR-663 dependent downregulation of TGFB1, we decreased the expression of TGFB1 by transfecting a TGFB1 siRNA in HepG2 cells, and the relationship between the reduced level of TGFB1 expression and cell apoptosis was investigated. HepG2 cells were transfected with TGFB1 siRNA to obstruct TGFB1 mRNA expression. Subsequently, we verified the efficient decrease of TGFB1 expression at both the mRNA and protein levels (*P*\<0.01, versus NC), as measured by qRT-PCR assay and ELISA ([Figure 7A and B](#f7-ott-9-1623){ref-type="fig"}). Furthermore, to assess whether miR-663 regulates cell apoptosis by targeting TGFB1, we transfected HepG2 cells with TGFB1 siRNA and investigated the possible effects of TGFB1 on cell apoptosis. As expected, the ratio of apoptotic cells was significantly reduced, as measured by the Annexin V-FITC/PI apoptosis assay, after transfection with siRNA against TGFB1 for 48 hours in HepG2 cells ([Figure 7C and D](#f7-ott-9-1623){ref-type="fig"}). These results might indicate that TGFB1, a target gene of miR-663, may be a key factor in regulating HCC cell apoptosis under ER stress.

Discussion
==========

Although tumor cell apoptosis resistance caused by ER stress has been reported,[@b25-ott-9-1623],[@b26-ott-9-1623] the role of miRNAs in this process has not been carefully studied. In this study, we show for the first time that miR-663 was significantly upregulated under ER stress via miRNA-CHIP microarray and qRT-PCR assay. The increased expression of miR-663 has a positive role in HCC cell proliferation, but a negative one in cell apoptosis under ER stress, as demonstrated by the CCK-8 assay and flow cytometry analysis. TGFB1, a target gene of miR-663 predicted though computational analysis, was negatively regulated by miR-663 at both the mRNA and protein levels. Moreover, inhibition of TGFB1 expression by TGFB1 siRNA protects HepG2 cells against apoptosis. Therefore, we uncovered a vital role for themiR-663/TGFB1 axis in modulating ER stress-mediated apoptosis resistance of HCC cells.

It is well known that prolonged accumulation of misfolded or unfolded proteins caused by cellular stress triggers ER stress and that this may lead to a variety of consequences, such as adaptation, apoptosis, and autophagy. In eukaryotes, the activation of the unfolded protein response enables cells to survive ER stress and protects them from death. However, when ER stress is persistent or excessive, the adaptive mechanisms fail to compensate, and ultimately cell death occurs, typically through apoptosis.[@b27-ott-9-1623],[@b28-ott-9-1623] Indeed, due to rapid growth, most solid human tumors contain regions with acute and chronic hypoxia or anoxia, and this hypoxia or anoxia can induce stress in the ER.[@b29-ott-9-1623],[@b30-ott-9-1623] Therefore, to survive the unfriendly tumor microenvironment, the unfolded protein response pathways are activated in a large number of tumors; meanwhile, the expression of chaperones and antioxidants and/or progression to autophagy is initiated. Thus, the ER stress response acts as a protective function against the effects that long-term exposure stimulates and plays a crucial role in saving cancer cells from apoptosis. However, and most importantly, it may result in tumor progression due to the adaptation and selection of tumor cells to ER stress.[@b26-ott-9-1623] This is usually referred to as ER stress-mediated apoptosis resistance. Therefore, it is essential and urgent to uncover the mechanism of ER stress-mediated apoptosis resistance and further overcome these resistance responses. In our work, we discovered miR-663 has a crucial protective function in the ER stress-mediated apoptosis of HCC cells.

In recent years, many types of tumors have been reported to have abnormal miRNA expression, and gradually, clarifying the roles of miRNAs in regulating the process of cancer development has become an interesting field of study.[@b31-ott-9-1623],[@b32-ott-9-1623] Additionally, some miRNAs have been promising for tumor diagnosis or treatment.[@b33-ott-9-1623] Our results suggest that miR-663 should be a novel future therapeutic target for patients with HCC. A large number of studies have stated that miRNAs act as oncogenes or tumor suppressor genes. Usually, miRNAs that have increased expression in tumor cells are considered to be cancer-promoting miRNAs, while those that have decreased expression are seen as a tumor-suppressing miRNAs.[@b34-ott-9-1623] However, the roles of miRNAs in cancer are very complicated. A single miRNA might have bidirectional regulation in various cancers, upregulated in one but downregulated in another. For instance, a study performed by Iorio et al[@b35-ott-9-1623] found that miR-125b was dramatically downregulated in human breast cancer, whereas overexpression of miR-125b has been detected in prostate cancer.[@b36-ott-9-1623]

miR-663, which is located at human chromosome 20q11.1, was reported to be differentially expressed in diverse cancers, with an increased level found in lung cancer,[@b22-ott-9-1623],[@b37-ott-9-1623] ovarian cancer,[@b37-ott-9-1623] breast cancer,[@b38-ott-9-1623] and castration-resistant prostate cancer,[@b39-ott-9-1623] whereas in colon cancer[@b23-ott-9-1623] and gastric cancer,[@b40-ott-9-1623] miR-663 expression was decreased. Multiple miR-663 targets genes have been reported, such as *TGFB1*, *p21*, *H-ras*, *HSPG2*, *eEF1*, and *APP*, which could modulate cancer cell proliferation, apoptosis, and chemotherapy resistance.[@b23-ott-9-1623],[@b38-ott-9-1623],[@b41-ott-9-1623]--[@b45-ott-9-1623] Overexpression of miR-663 under ER stress was found to strengthen cell adaptability. Its inhibiting effect on TGFB1 seems to support such a role because TGFB1 could induce cytostatic and apoptotic responses.[@b41-ott-9-1623]

The present study confirmed that the expression of TGFB1 was significantly lower in TM-treated HCC cells compared with TM-untreated cells. Lower expression levels of TGFB1 were closely associated with cancer progression, such as cell proliferation and apoptosis.[@b17-ott-9-1623]--[@b19-ott-9-1623] Based on the results of target prediction, we explored TGFB1 among the genes that were potentially targeted by miR-663. On one hand, as we mentioned before, TGFB1 has known roles in both HCC proliferation and apoptosis. On the other hand, miR-663 directly interacts with the 3′UTR of TGFB1, which has been demonstrated in endothelial cells, papillary thyroid carcinoma cells, A549, SW460 as well as Hela cell lines.[@b20-ott-9-1623]--[@b24-ott-9-1623] Among these, Hela cell lines were a cell type that was often used in the luciferase report assay, which called tool cells, they have a higher transfection efficiency and make the experiment more accurate. Apart from Hela cell, HEK293T cell, and primary cell also can be used in this assay as tool cells. In addition, relevant professional institutes and literature often use tool cells, such as Hela cell, HEK293T cell, and primary cell, to conduct luciferase reporter gene experiments, and usually, the result is universally representative. For instance, the targeting relationship between miR-223 and C/EBPβ has been validated in Caco-2 cells and K562 cells, which is in line with the results of luciferase report assay in HEK-293T cells.[@b46-ott-9-1623],[@b47-ott-9-1623] Moreover, the consequence of miR-663 inhibition on the expression of the attached luciferase gene to the 3′UTR of eEF1A2 maintained high consistency among PANC-1, AsPC-1 cells, and Hela cells.[@b44-ott-9-1623],[@b48-ott-9-1623] In this study, we demonstrated that miR-663 decreases TGFB1 expression at both the mRNA and protein levels, indicating that miR-663 inhibited TGFB1 expression in a posttranscriptional manner.

Of note, TGFB1, as a multifunctional cytokine and a ligand of the TGFB signaling pathway, participates in several biological processes, including cell proliferation, apoptosis, and migration. The TGFB signaling pathway initiates with the activation of TGFB1, and after binding to the type II receptor (TGFBR2), the heterodimeric complex then phosphorylates the type I receptor (TGFBR1). Activated TGFBR1 then phosphorylates two downstream elements, SMAD2 and SMAD3, allowing them to bind to SMAD4 and form a stable complex called Co-SMAD. This complex interacts with various transcription factors through the C-terminal MH2 domain, which increases their binding affinity and specificity to the target gene promoters, resulting in their regulation.[@b49-ott-9-1623],[@b50-ott-9-1623] TGFB1 has a complex role in tumor cells; it act as a tumor suppressor at the initial stages of tumor formation and promotes metastasis at the later stages of tumor progression.[@b51-ott-9-1623] Thus, it would be interesting to identify whether the impact of miR-663 on TGFB1 transcripts may vary according to the stage of the tumor. Elliott and Blobe[@b52-ott-9-1623] reported that TGFB1 is a strong growth inhibitor in many cancers, such as breast cancer, gastric cancer, ovarian cancer, and prostate cancer. The mechanisms by which TGFB1 induced and regulated apoptosis are cell and context dependent.[@b52-ott-9-1623] In our study, miR-663 overexpression resulted in the downregulation of TGFB1. After inhibition of miR-663 expression, TGFB1 was upregulated and apoptotic cells increased significantly. Additionally, inhibition of TGFB1 expression could reduce apoptosis in HepG2 cells. These results indicate that TGFB1 may play a crucial role in HCC cells apoptosis.

In conclusion, we show for the first time that miR-663 plays a pivotal role in ER stress-mediated apoptosis resistance in HCC cells by downregulating TGFB1. The newly identified miR-663/TGFB1 axis sheds light on the molecular mechanism of HCC cell apoptosis resistance. However, our work is only an in vitro study; thus, in vivo experiments are essential to further clarify the mechanism. This mechanism may provide new promising therapeutic targets for improving the efficacy of HCC therapy.
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![Effects of TM treatment on the expression of GRP78 in HepG2 cells.\
**Notes:** GRP78 protein levels were examined by Western blot in HepG2 cells after exposure to 3 μM TM at different time-points. β-Actin was used as the loading control. The results were quantified using Image J 1.42q software (National Institutes of Health, Benthesda, Maryland, USA), and a representative result, the relative expression of GRP78 in each group, is shown. Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\*\**P*\<0.01, compared with untreated group.)\
**Abbreviations:** GRP78, glucose regulated protein 78; SD, standard deviation; TM, tunicamycin; h, hours.](ott-9-1623Fig1){#f1-ott-9-1623}

![miR-663 overexpressed under ER stress in HCC cells.\
**Notes:** Total RNA was extracted from HepG2 cells. (**A**) The miRNA-chromatin immunoprecipitation microarray analysis showed that 70 miRNAs were differentially expressed between TM-treated and TM-untreated HepG2 cells. To understand the miRNA interactions and visualize their relationship, a heat map was constructed on the basis of their expression. Each miRNA is presented in a matrix format, where columns represent each individual miRNA, while every two adjacent rows represent two samples; from top to bottom, they represent the without TM incubation group (Ctrl), with TM incubation 12-hour group, and with TM incubation 24-hour group. Red and green reflect high and low expression levels, respectively. The red arrow represents the miRNA with the most obvious change. (**B**--**D**) The miR-663 level of HepG2 cells, Bel-7402 cells, and SMMC-7721 cells was detected by qRT-PCR. Small nuclear RNA U6 was used as an endogenous normalizer. Based on the miR-663 expression level in the Ctrl group, we used the 2^−∆∆CT^ formula to calculate the relative expression levels of miR-663. We found that the miR-663 relative expression level in the TM group was significantly higher than that of the Ctrl group among three HCC cell lines. Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\*\**P*\<0.01, compared with control group.)\
**Abbreviations:** Ctrl, control group; ER stress, endoplasmic reticulum stress; HCC, hepatocellular carcinoma; miR-663, microRNA 663; qRT-PCR, quantitative real-time polymerase chain reaction; SD, standard deviation; TM, tunicamycin.](ott-9-1623Fig2){#f2-ott-9-1623}

![Verification of the transfection efficiency of miR-663 mimics and inhibitors.\
**Notes:** Twenty-four hours after transfection with miR-663 mimics or inhibitors, the total RNA was extracted; we used qRT-PCR to determine the relative miR-663 expression. Based on the miR-663 expression level in the control group, the 2^−∆∆CT^ formula was used to calculate the relative expression levels of miR-663. Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\*\**P*\<0.01, compared with control group.)\
**Abbreviations:** INC, negative control for miR-663 inhibitors; miR-663, microRNA 663; NC, negative control for miR-663 mimics; qRT-PCR, quantitative real-time polymerase chain reaction; SD, standard deviation.](ott-9-1623Fig3){#f3-ott-9-1623}

![Inhibition of miR-663 suppresses cell proliferation in HCC.\
**Notes:** TM co-incubated with miR-663 regulatory reagents in the combined effects on cell proliferation. HepG2 cells were treated with the indicated concentrations of mimics, inhibitors and their corresponding negative controls at the indicated times (48 hours) after TM-induced ER stress. The CCK-8 assay was performed at the indicated time-point. The CPIR formula was used to calculate the cellular proliferation inhibition rate. Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\**P*\<0.05, \*\**P*\<0.01, ^\#\#^*P*\<0.01, compared with TM, NC or INC group.)\
**Abbreviations:** CCK-8, cell counting kit-8; CPIR, cellular proliferation inhibition rate; ER stress, endoplasmic reticulum stress; HCC, hepatocellular carcinoma; INC, negative control for miR-663 inhibitors; miR-663, microRNA 663; Mock, a group that only adds transfection reagent and cells; NC, negative control for miR-663 mimics; SD, standard deviation; TM, tunicamycin.](ott-9-1623Fig4){#f4-ott-9-1623}

![Inhibition of miR-663 enhances cell apoptosis in HCC.\
**Notes:** (**A**) TM co-incubated with miR-663 inhibitors in the combined effects on cell apoptosis. HepG2 cells were treated with the indicated concentrations of inhibitors (I663) and negative control at the indicated times (48 hours) after TM-induced ER stress. Apoptotic cells were determined by flow cytometry using Annexin V-FITC/PI Double-Staining Apoptosis Detection Kit. The sum of Q2 and Q3 (Q2 + Q3) was used to calculate the cell apoptosis rate. (**B**) The value was statistically analyzed using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 5 software (GraphPad Software Inc, La Jolla, CA, USA). Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\**P*\<0.05, \*\**P*\<0.01, ^\#\#^*P*\<0.01, \^\^*P*\<0.01, compared with Ctrl, TM or INC group.)\
**Abbreviations:** Comp-FL3, Y-axis representative of PI; Comp-FL1::FL1 log, X-axis representative of annexin V; Ctrl, control group; FITC, fluorescein isothiocyanate; HCC, hepatocellular carcinoma; INC, negative control for miR-663 inhibitor; miR-663, microRNA 663; Mock, a group that only adds transfection reagent and cells; PI, propidium iodide; SD, standard deviation; TM, tunicamycin.](ott-9-1623Fig5){#f5-ott-9-1623}

![Identification of TGFB1 as a potential target gene of miR-663.\
**Notes:** (**A**) HepG2 cells were transfected with miR-663 mimics (663), miR-663 inhibitors (I663) and their corresponding negative control (NC and INC) 24 h, and then the total RNA were isolated and subjected to qRT-PCR for measuring the TGFB1 mRNA expression. (**B**) The TGFB1 protein level in the culture medium was measured by ELISA. Twenty-four and 48 hours after transfection as above, the HepG2 cell culture medium was harvested at the indicated time-points to measure the TGFB1 protein. (**C**) The TGFB1 mRNA level was detected using qRT-PCR in HepG2 cells, 24 hours after exposure to TM. (**D**) The TGFB1 protein level in the culture medium was measured 24 hours after exposure to TM, and the HepG2 cells culture medium was harvested at the indicated time-point for measurement of the TGFB1 protein with an ELISA kit (Dakewe Bioengineering Corporation, Shenzhen, People's Republic of China). Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\**P*\<0.05, \*\**P*\<0.01, ^\#^*P*\<0.05, ^\#\#^*P*\<0.01.)\
**Abbreviations:** Ctrl, control group; ELISA, enzyme-linked immunosorbent assay; INC, negative control for miR-663 inhibitors; miR-663, microRNA 663; miR-ctrl, microRNA control group; Mock, a group that only adds transfection reagent and cells; NC, negative control for miR-663 mimics; qRT-PCR, quantitative real-time polymerase chain reaction; SD, standard deviation; TGFB1, transforming growth factor beta-1; TM, tunicamycin.](ott-9-1623Fig6){#f6-ott-9-1623}

![Interference of TGFB1 mRNA expression can reduce cell apoptosis in HCC.\
**Notes:** (**A**) HepG2 cells were transfected with TGFB1 siRNA 24 hours, and mRNA levels were tested by qRT-PCR. (**B**) Twenty-four hours after exposure to TM and 48 hours after transfection with TGFB1 siRNA, cell culture media were harvested for measurement of the TGFB1 protein with an ELISA kit. (**C**) Apoptotic cells were determined by flow cytometry assay using Annexin V-FITC/PI Double-Staining Apoptosis Detection Kit (BestBio, Shanghai, People's Republic of China). The sum of Q2 and Q3 (Q2 + Q3) was used to calculate the cell apoptosis rate. (**D**) Using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA) for statistical analysis. Data are presented as the mean ± SD (error bar) of ≥3 independent experiments. (\**P*\<0.05, \*\**P*\<0.01, ^\#\#^*P*\<0.01, \^\^*P*\<0.01, compared with Ctrl, TM, or NC group.)\
**Abbreviations:** Comp-FL3, Y-axis representative of PI; Comp-FL1::FL1 log, X-axis representative of annexin V; Ctrl, control group; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein isothiocyanate; HCC, hepatocellular carcinoma; NC, siRNA negative control; PI, propidium iodide; qRT-PCR, quantitative real-time polymerase chain reaction; SD, standard deviation; TGFB1, transforming growth factor beta-1; TM, tunicamycin.](ott-9-1623Fig7){#f7-ott-9-1623}

###### 

Primers used for quantitative real-time PCR

  Gene                        Primer sequence (5′-3′)
  --------------------------- ----------------------------
  *U6* PCR                    F: ATTGGAACGATACAGAGAAGATT
  R: GGAACGCTTCACGAATTTG      
  *miR-663* PCR               F: CATAATAAATAGGCGGGGCG
  R: CAGAGCAGGGTCCGAGGTA      
  *TGFB1* PCR                 F: GGATAACACACTGCAAGTGG
  R: GAGCTGAAGCAATAGTTGGTG    
  *GAPDH* PCR                 F: CTTCATTGACCTCAACTACATGG
  R: CTCGCTCCTGGAAGATGGTGAT   

**Abbreviations:** PCR, polymerase chain reaction; F, forward; R, reverse.
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